Introduction
============

Genetic and environmental influences make substantive contributions to psychological wellbeing and evidence suggests that certain genetic variants, previously associated with vulnerability, may also facilitate adaptive functioning in positive or supportive environments (that is, differential susceptibility).^[@bib1],\ [@bib2],\ [@bib3]^ The essence of the differential susceptibility hypothesis (DSH) is that with similar group sizes of more and less susceptible individuals there will be no main genetic effect. Instead, there will be a crossover interaction with susceptible individuals doing worse in adverse environments but better in supportive environments than less susceptible individuals. This pattern does of course undermine large-scale genome-wide association studies (GWAS) that look only for main genetic effects.

Little is known about the psychological or biological mechanisms that underlie differential susceptibility. A recent review^[@bib4]^ outlines how neurobiological reactivity might underlie individual variation in sensitivity to the environment in a sophisticated multi-level approach, and several other potential mechanisms have been highlighted.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ However, a hitherto neglected variable in this literature is the potential role of systematic biases in cognitive processing that are likely to influence individual variation in sensitivity to the environment. In this Perspective, we suggest that biased cognitive processing of emotional information may be one critical pathway through which differential susceptibility influences psychological wellbeing. Progress in investigating gene by environment (G × E) interactions has been held back by several factors: the search for only genetic main effects; the use of relatively small sample sizes; focus on single-genetic variants; use of correlational designs, and failure to examine the possibility that genetic influence may turn from a 'problem\' to an 'advantage\', depending on the nature of the environment. Moreover, most G × E studies do not directly assess selective processing biases and these---generally unmeasured---cognitive factors may be one important consequence of G × E interactions.

There is potentially much to be gained by integrating work on cognitive biases for emotional information with work on molecular genetics and environmental context. In this sense, the current comments are prospective, in that many of the points we raise relate to the promise of future work rather than to work that has been completed. We formulate a theoretical framework to help orient research in this rapidly developing field.

Search strategy and selective criteria
======================================

Web of Science and Google Scholar was searched on 20 April 2016 for 'Bias AND SNP OR Genetic\' and Google Scholar was searched on 19 May 2016 for 'differential susceptibility\'. Papers of relevance to our hypothesis were selected.

Cognitive processing and differential sensitivity to the environment
====================================================================

Fundamental cognitive operations such as negative attentional bias (AB)--the tendency to preferentially orient attention toward threat---whereas important for survival---can markedly influence sensitivity to the environment. For instance, preferential attentional processing of threat-related images is a strong predictor of cortisol reactivity to stressful environments up to 8 months later,^[@bib5]^ predicts increases in posttraumatic stress disorder among people with high combat exposure^[@bib6]^ and is often exacerbated in anxiety disorders.^[@bib7],\ [@bib8],\ [@bib9]^ Thus, variability in response to the same environmental risk is closely associated with individual differences in cognitive processing biases.

The causal influence of AB on affective reactivity to stressful experiences has been investigated by directly manipulating ABs for threat. In a seminal study, experimental induction of a negative AB by means of a computer-implemented 'attentional bias modification\' (ABM) procedure resulted in enhanced stress reactivity among healthy individuals.^[@bib10]^ Conversely, experimentally decreasing negative AB can reduce stress reactivity. Thus, training attention toward positive stimuli in people with social phobia, who typically have an AB for threat stimuli, produced greater reductions in self-reported, behavioral and physiological measures of anxiety during a subsequent social stressor relative to control conditions.^[@bib11]^ Other works show that when negative attention biases are successfully modified in clinically anxious populations, reductions in measures of anxiety typically occur.^[@bib12],\ [@bib13]^

A recent meta-analysis concluded that ABM research is hampered by small low-quality trials, risk of publication bias and small effect sizes.^[@bib14]^ Crucially, however, this meta-analysis focused on clinical outcome and did not consider whether or not a shift in attention bias had actually occurred. This is critical because when AB does not shift in the predicted direction cognitive models predict that 'no\' change in symptoms should follow.

Research indicates that when attention bias does change significantly in the appropriate direction, a reliable impact on stress sensitivity and clinically relevant outcome measures typically follows.^[@bib15]^ There is, however, a shortage of high-quality trials of ABM and the effectiveness of ABM manipulations in producing sustained changes in bias is not yet optimal. Although this experimental technique offers great potential, further basic science research is clearly required.^[@bib16]^

Evidence also suggests that modifying other clinically relevant cognitive biases---such as biases in how ambiguous situations are interpreted---can reduce clinical symptoms of affective disorders.^[@bib13]^ Importantly, research on modifying cognitive biases moves us beyond correlational research and toward identifying the causal mechanisms that confer sensitivity to the environment.

Genetic variation influences differential sensitivity to the environment
========================================================================

In largely unrelated research, many studies have examined whether genetic variation is associated with enhanced sensitivity to the environment.^[@bib17]^ Utilizing twin study designs, genetic variation has been shown to interact with environmental adversity to predict the onset of psychopathology, such as depression and anxiety.^[@bib18]^ Although controversial, several studies have linked candidate polymorphisms with increased sensitivity to the environment. A well-researched genetic variant is the serotonin transporter-linked polymorphic region (*5-HTTLPR*), a repeat length polymorphism in the promoter region of the human serotonin transporter gene (SLC6A4 or 5-HTT). Following an initial pioneering study^[@bib19]^ numerous studies have reported that 5-HTTLPR short (S) allele homozygotes are more sensitive to the environment in both human^[@bib20],\ [@bib21]^ and non-human samples.^[@bib22]^ Although there have been several failures to replicate,^[@bib23]^ the most recent meta-analysis^[@bib24]^ indicates that those with the less-efficient S-allele are at greater risk of psychopathology when exposed to childhood adversity, although the possibility of type I error does need to be considered.^[@bib25]^

Regardless of whether any specific candidate gene increases sensitivity to the environment, there is general agreement that, like cognitive biases, genetic variation influences sensitivity to the environment, which in turn, increases vulnerability to psychopathology. However, as suggested by the DSH, certain genetic profiles may not operate exclusively as 'vulnerability\' genes, but rather as 'plasticity\' or 'malleability\' genes that influence functioning in a 'for better and for worse\' manner.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib26],\ [@bib27]^ The DSH overlaps with the diathesis-stress model but assumes that those with a more 'malleable\' genetic profile are highly sensitive to the affective environment so that negative environments will have a deleterious effect, whereas positive and supportive environments will enhance psychological functioning.^[@bib1],\ [@bib26]^ Most studies, however, have focused on anxiety and depression, and have examined the 5-HTTLPR as the genetic factor, so we focus on this polymorphism in this review; however, as we discuss at the end of this article, future work needs to assess genetic variation and a wider range of environments much more broadly.

An early study^[@bib28]^ reported that children exposed to early environmental risk demonstrated higher depressive symptoms if they carried two copies of the 5-HTTLPR S-allele versus two copies of the L-allele as predicted by diathesis stress, but also exhibited the 'least\' depressive symptoms if exposed to supportive environments, as opposed to just the absence of adversity. This is consistent with findings that in non-risk environments adolescent females with two copies of the S-allele show reduced risk of depression relative to those with two copies of the L-allele.^[@bib29]^ Using positive affect as an outcome, children with two copies of the 5-HTTLPR S-allele were found to be highly responsive to both supportive and unsupportive parenting.^[@bib30]^ Across three independent studies, evidence for the DSH was found using parental report, child reports and direct observation of child--parent interactions. In all cases, poor parenting was associated with lower positive affect, whereas in the first two studies good parenting was also associated with higher positive affect with the same trend occurring for direct observation as the outcome measure.

Further evidence comes from studies reporting that number of lifetime negative events was associated with higher self-reported neuroticism, whereas positive events were closely tied to lower neuroticism and higher life satisfaction among S homozygotes, but not among L homozygotes.^[@bib31],\ [@bib32]^ Similarly, marital satisfaction over a 13-year period was predicted by emotional behaviors (both positive and negative) exhibited during an initial couples interaction among S homozygotes, but not for other 5-HTTLPR genotypes, again revealing a 'for better and for worse\' pattern.^[@bib33]^ A cumulative genetic approach that assessed the impact of variation on the 5-HTTLPR as well as variation on a 17-bp variable-number tandem repeat (VNTR) in the second intron region of the 5-HTT gene (known as STin2 VNTR) demonstrated that women with more so-called 'risk\' alleles (S-allele and 12-repeat allele) had higher rates of maternal *post partum* depression in adverse environments, but reduced rates in favorable environments supporting the DSH.^[@bib34]^ The strongest evidence comes from meta-analyses that show support for the DSH across a range of genetic variants.^[@bib3],\ [@bib35]^

A recent study extended testing the DSH from a candidate gene approach to a GWAS approach.^[@bib36]^ A polygenic score of environmental sensitivity was derived in a sample of monozygotic twins by a novel method of assessing within-pair emotional problems as a function of genotype. This polygenic sensitivity score (PSS) was then found to moderate the effects of parenting on emotional problems and response to psychological therapy in separate samples of children. Although replication is required, this GWAS indicates that those with the strongest environmental sensitivity may be most likely to develop emotional problems in difficult environments, but also benefit most from highly supportive environments such as intensive psychological interventions.

Cognitive bias as a putative mechanism underlying differential susceptibility
=============================================================================

Cognitive and genetic markers of susceptibility to psychopathology have typically been investigated in separate lines of research. An emerging literature, however, suggests that cognitive and genetic factors are not independent of each other and in fact may operate in concert to increase sensitivity to adverse (and perhaps positive) environments. Thus, meta-analysis shows that S homozygotes on the 5-HTTLPR typically exhibit larger 'negative\' AB than their LL counterparts.^[@bib37]^ To illustrate our point, we highlight findings from several studies, but note that this Perspective Review does not aim to provide an exhaustive review of the genetics and cognitive bias literature. For more thorough reviews, the reader is advised to referto other articles.^[@bib37],\ [@bib38]^

A recent study capitalized on naturally occurring variability in young peoples\' emotional reactivity to the challenges of a first semester at university to investigate how cognitive biases and genetic variation might interactively contribute to affective reactivity.^[@bib39]^ Although negative AB predicted increases in anxiety across the semester regardless of the genotype, greater preferential processing of negative information at the start of the academic year predicted elevations in dysphoria only for those with two copies of the less-efficient S-allele.^[@bib39]^

Another study assessed cognitive re-appraisal---an adaptive form of emotion regulation that is often impaired in anxiety disorders---in addition to variation on the 5-HTTLPR.^[@bib40]^ Those with two copies of the S-allele had increased social anxiety symptoms and reduced use of re-appraisal in comparison with those with two copies of the L-allele. Critically, the degree of cognitive re-appraisal acted as a mediator of the association between the 5-HTTLPR polymorphism and social anxiety symptoms.^[@bib40]^ Although these studies are limited by being based on single candidate genes and single cognitive biases, they raise the possibility that biased cognitive processing may result from G × E interactions and mediate affective outcomes.

In terms of establishing a possible mechanism for this mediation, the ideal study would experimentally manipulate the environment to determine whether genetic variation influences the development of cognitive biases in different environmental contexts. Experimentally manipulating the environment would reduce the possibility of gene--environment correlation, which can undermine the ability to accurately interpret G × E interactions.^[@bib41],\ [@bib42],\ [@bib43]^ Specifically, it would be particularly informative to determine whether manipulating the affective learning environment can result in enhanced negative and positive processing biases in the attention system in people who should be more genetically sensitive to the environment. This was achieved in a study utilizing an ABM intervention designed to induce either a positive AB or a negative AB in different groups of participants.^[@bib44]^ It was found that healthy adults with two copies of the 5-HTTLPR S-allele developed stronger ABs than those with two copies of the L-allele. This was observed whether the induction was designed to encourage a negative bias or a positive bias. The demonstration that those genetically sensitive to the environment develop negative or positive attention biases depending on the environmental context suggests that AB may be an important phenotype that mediates the development of subsequent psychopathology or adaptive functioning.

Given the association between selective cognitive processing and emotional wellbeing^[@bib8]^ along with the demonstration of differential susceptibility to a cognitive intervention^[@bib44]^ we propose the following theoretical model: specific early environmental events (either negative or positive) combined with genetic variants that enhance sensitivity to the environment might contribute to the development of 'toxic\' or 'enhancing\' cognitive biases that, in turn, influence the impact of subsequent experiences on wellbeing (see [Figure 1](#fig1){ref-type="fig"}). This 'Cognitive Bias\' (CogBIAS) hypothesis predicts that once a negative cognitive bias is in place, future information processing is skewed and reinforces sensitivity to negative environments resulting eventually---in combination with other factors---to affective disorders, such as anxiety or depression. Conversely, a supportive early environment could cultivate an enhancing cognitive bias (for example, selective attention for positive information or strategic avoidance of negative cues) that could help an individual to thrive. The CogBIAS model offers one possible mechanism that might be responsible for differential susceptibility.

If G × E interactions are indeed mediated by changes in cognitive processes (for example, negative or positive AB), then targeting these processes is likely to be critical for improving the efficacy of new behavioral interventions for anxiety and depression.^[@bib44],\ [@bib45]^ Personalized interventions could be designed to encourage people who are genetically sensitive to the environment to develop a more flexible pattern of attentional orienting to avoid a persistent tendency to focus on negativity in adverse situations, but to selectively process positive material in highly supportive environments. In contrast, reduced affective reactivity observed in those less genetically sensitive to the environment should, of course, serve as a natural protective factor in adverse situations, whereas more intensive interventions might be required to ensure the development of cognitive processing styles that enhance wellbeing, perhaps by helping people maximize the benefits of positivity and supportive environments. This is highly speculative at the moment, of course, but future developments in translating basic science research in cognitive psychology has the potential to lead to real breakthroughs in the development of novel therapeutic interventions^[@bib46]^ and the potential to move towards more personalized treatment strategies.^[@bib47],\ [@bib48]^

Limitations of previous research and the way forward
====================================================

Although both cognitive and genetic research has identified potential markers of psychopathology, samples sizes are typically small, studies usually investigate only a single bias (primarily AB) or single-genetic variant (for example, 5-HTTLPR), and environmental variation has typically not been considered. However, cognitive biases have been linked to genetic variation, environmental context, and G × E, indicating that evaluating the combined impact of cognitive biases and genetic polymorphisms on the development of psychopathology and wellbeing is likely to be complex and challenging as well as informative.

A particularly serious challenge for psychiatric genetics is small effect sizes of individual genetic variants that typically explain only about 0.5% of the variance (at best) in psychopathology in GWAS. Summing so-called 'risk\' alleles across different single nucleotide polymorphisms, however, has been used to produce a Polygenic 'Risk\' Score (PRS)^[@bib49]^ yielding a quantitative index with a potentially larger effect size than a single-genetic variant. The PRS approach has been used to model the cumulative contribution of genetic variation to cardiovascular disease,^[@bib50],\ [@bib51]^ among other outcomes. We suggest that the term 'PSS\' is more appropriate in light of the fact that enhanced reactivity and sensitivity to the environment operates in both adverse and supportive environments. To date, however, in psychiatry the polygenic approach has typically been used to predict variation in the negative end of the environmental spectrum (that is, PRSs).

To illustrate, PRSs have been successful in predicting increased risk of moving from light to heaving smoking in the teenage years,^[@bib52]^ increased risk of clinical obesity,^[@bib53]^ smoking relapse in response to pharmacologic treatment,^[@bib54]^ adolescent self-regulation in adverse and supportive environments,^[@bib55]^ and prediction of rumination in the context of life stress.^[@bib56]^ There is also evidence that a small serotonergic PRS is associated with negatively biased attention following a negative mood induction,^[@bib57]^ whereas a PRS developed from a GWAS study in major depression disorder has been shown to predict reduced cortical thickness in left medial frontal cortex; a region known to be disrupted in major depression disorder.^[@bib58]^ A recent GWAS study has developed what we might call a PSS and found support for differential susceptibility in terms of heightened emotionality and response to psychological therapy in children with anxiety disorders.^[@bib36]^

The PSS approach holds much promise for measuring genetic contributions to cognitive biases and other phenotypes relating to differential susceptibility. An important way forward will be for the field to develop much more comprehensive PSSs that likely include 1000s of genetic variants with the potential to predict substantially more variance than PSSs with a limited number of variants.

Once comprehensive PSSs have been developed, they could then be used in conjunction with detailed and precise measurements of the environment. However, an important priority as we move forward is the development of innovative techniques to assess both positive and negative environments. Much of past research is limited by a reliance on retrospective recall, often via self-report.^[@bib59]^ Although interview techniques have significant strengths, they too rely on retrospective recall and can be very time intensive. Further, most prior research has focused on the negative aspects of the environment, which likely provides an incomplete understanding of the interplay between genetics, the environment and development of cognitive bias.

Measuring positive and negative experiences, as they happen, almost in real-time, via ecological momentary assessments is difficult to achieve on a large scale, but as smartphones become more pervasive, collection of data about the environment is becoming increasingly feasible.^[@bib60]^ Indeed, as computing power increases, it may soon be possible to reliably collect cognitive bias assessments in real-world environments via smartphones. Because smartphones are unobtrusive and sensor-rich, they facilitate measurement of real-world behaviors and experiences as they happen.^[@bib61]^ Measurement can include objective behavior, such as activity level via imbedded accelerometers or location via global-positioning systems. Ecological momentary assessments can also significantly reduce or eliminate retrospective recall bias for more subjective assessments. Although ecological momentary assessment methods are not a panacea, these methods may greatly facilitate assessment of psychological experiences that closely reflect real-world experiences.

In our view, it is also critical to develop more reliable methods to assess cognitive processing biases. Although computational modeling to characterize cognitive biases has received little attention in psychiatry, several studies show that diffusion models reveal processing biases in clinically relevant populations that are not typically observed by traditional reaction time or accuracy assessments.^[@bib62],\ [@bib63]^ A second important approach will be to develop brain-based phenotypes.^[@bib64]^ Such assessments could include direct measurement of neural function associated with cognitive bias, or cognitive bias tasks that strongly correspond with known brain function. As suggested in other reviews,^[@bib4]^ there is much uncertainty about the neural processes that mediate the effects of environment on developmental outcomes. We suggest that there is also uncertainty about the role of cognitive processing biases in mediating differential susceptibility. However, enhancing the assessment of cognitive bias will facilitate a better understanding of the precise cognitive mechanisms that give rise to emotional vulnerability or wellbeing among individuals genetically susceptible to environmental change.

More robust genetic methods, better measurements of cognitive bias and capturing environmental influence as it unfolds, is, however, only a starting point for understanding the mechanisms involved in the differential susceptibility model. Given that statistical interactions require substantially more statistical power than main effects, it has been argued that sample sizes may need to be in the tens of thousands to have adequate statistical power for G × E studies leading some to suggest that most G × E studies to date are likely false positives.^[@bib65]^ Several excellent suggestions for how to examine genetic interactions without requiring samples of 50 000 people or more have been suggested.^[@bib43],\ [@bib66]^ One approach is to limit G × E tests to those variants or PRSs that show main effects for the phenotype of interest in GWAS studies.^[@bib67]^ This approach is ideal for testing traditional diathesis-stress relationships; however, because differential susceptibility relies on crossover interactions^[@bib43]^ limiting G × E tests to genetic variants with main effects will only potentially dismiss promising candidates. A major re-think of methodological approach may be required in order to accommodate differential susceptibility.

The most stringent test of the DSH is provided by randomized-controlled trials examining the moderating role of genetic variants when the environment is manipulated 'experimentally\' (Gene × Experimental Environment (G × eE) interactions).^[@bib42],\ [@bib43]^ Intervention studies utilizing both positive and negative environments, such as the ABM study mentioned earlier,^[@bib44]^ have at least three distinct advantages over typical correlational and longitudinal studies, including most GWAS.^[@bib43]^ First, G and E are uncorrelated in experimental designs providing the real advantage of independence between any change in the environment and genetic profile. Second, the degree of measurement error of the environment is vastly reduced in experimental studies. Third, and perhaps most significantly, because intervention studies stimulate the experimental group to differ maximally from the control group the statistical power of experimental G × eE studies is much larger than correlational studies. Indeed, one set of simulations indicated that a correlational G × E study requiring 1300 participants would require only 100 participants in an experimental G × eE study to achieve the same degree of statistical power.^[@bib68]^

Conclusion
==========

The time now seems ripe to assess G × E interactions in studies that incorporate both negative and positive environments, include assessments of cognitive biases, and include 'PSS\' that provide a cumulative spectrum of genetic 'risk\' or 'enhancement\' rather than focusing on a single polymorphism within a gene. We have proposed the novel CogBIAS hypothesis predicting that the development of toxic or enhancing cognitive biases may be an important mediator of G × E and G × eE effects in both adverse and positive environments. The CogBIAS hypothesis proposes that environmental events shape the learning environment that work in concert with genetic variation to produce negative or positive cognitive biases that, in turn, have a powerful influence on the development of negative (anxiety, depression) or positive (happiness, thriving) outcomes. Additional research is needed to explicitly test the tenants of this model, particularly the interaction between genetic variation and positive learning environments. This will facilitate a better understanding of wellbeing, resilience and psychopathology and holds great promise for the development of new personalized therapies.
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